were used as a model fish species to study the effects of trivalent chromium exposure. To ascertain chromium's effects, we examined altered gene expression by differential display between fish exposed in the laboratory and fish collected from a chromium-impacted estuarine site. Twenty differentially expressed genes were found from either laboratory-exposed fish or in fish collected from the field site. Database sequence searches indicated that several of these genes are highly homologous to known sequences, including a fatty acid-binding protein (FABP), cytochrome P4502N2 (CYP2N2), and a precursor to the translation initiation factor eIF2B. Verification of the differentially expressed genes by real-time polymerase chain reaction (PCR) revealed that the fatty acid-binding protein was repressed to a 3.6-times greater extent (3.6-fold) in the fieldsite animals as compared to a reference site, eIF2B was repressed 2-fold, and an expressed sequence tag (EST) termed A31 was induced 2.6-fold. In the laboratory-exposed animals, A31 was also induced between 2-and 4-fold. However, in contrast to the field-site fish, FABP was upregulated in the chromium-exposed animals. We hope to be able to use A31 as a biomarker for ascertaining the impacts of chromium exposure on fish.
INTRODUCTION
Increasing pressure on the coastal environment from industrial operations is resulting in adverse impacts on many estuarine organisms. As estuaries are critical components of marine ecosystems, serving as hatcheries and breeding grounds, more information is needed on the chronic effects of pollutants on estuarine organisms. Shipyard Creek is an estuarine site in Charleston (SC, USA) that has been adversely impacted with numerous heavy metals, the dominant contaminant being chromium. Recorded sediment concentrations of total chromium averaged 2450 g/g dry wt [1] , with much of the chromium in the trivalent form.
Chromium remains one of the few metals whose mechanism of action is not well understood. Trivalent chromium is an essential trace metal thought to be involved in the formation of glucose tolerance factor and in the metabolism of insulin [2] . However, trivalent chromium historically has not been studied as a toxicant because of its lower bioavailability compared to hexavalent chromium. It is thought that trivalent chromium compounds are approximately 1000-times or 1000-fold less toxic than hexavalent chromium compounds, primarily because hexavalent chromium can cross biological membranes more readily than trivalent chromium [3] .
The biological activity of trivalent chromium depends largely on its form. The active form is a chromium-nicotinic acid complex that increases the action of insulin [4] and is readily transported across biological membranes. As a result of low biological absorption, many short-term studies have shown variable results in determining the toxicity of trivalent chromium. Studies using bacterial cells demonstrated that extensive DNA to DNA cross-linking occurred at concentrations above 20 M Cr(III) [5] . This was corroborated by comet * To whom correspondence may be addressed (lbain@utep.edu). assays in human lymphocytes, which demonstrated an increase in mean tail moment, indicative of DNA damage [6] . However, other studies using Chinese hamster ovary cells have shown no differences in cell survival at concentrations up to 1 mM Cr(III) [6] .
Evidence in laboratory rodents suggests that trivalent chromium causes reproductive [7] , behavioral [8] , and genotoxic effects [9] . Exposure of Anabas scandens to trivalent chromium reduced hepatic lactate, succinate, malate, and isocitrate dehydrogenase activities [10] and resulted in increased micronuclei formation in Prussian carp (Carassius auratus gibelio) [11] . Trivalent chromium exposure in fish can also suppress antibody responses in African mouth breeders (Oreochromis mossambicus) [12] and in freshwater catfish (Saccobranchus fossilis) [13] . However, many of these studies were performed at high doses over a long period of time, or used intraperitoneal injection to deliver the chromium.
In this study, we wanted to determine the effects of trivalent chromium on mummichogs (Fundulus heteroclitus), an estuarine fish species, using lower concentrations and a more environmentally relevant waterborne exposure. These fish have a small home range, complete their entire life cycle in the estuaries [14] , and are thus exposed to contaminants throughout their lifetime. Mummichogs have been used extensively to monitor environmental contaminants and their resultant biological effects [15] . Using these fish, we can compare the effects after laboratory exposure to the effects seen in the field. To this end, we used differential display to develop biomarker probes indicative of chromium exposure and effects. This technique enables the examination of hundreds of genes simultaneously, and has been used to examine differential gene expression in other aquatic organisms, including brook trout [16] , sheepshead minnow [17] , and staghorn coral [18] . The resultant cDNA fragments can then be used as biomarkers for Chromium alters gene expression in mummichogs Environ. Toxicol. Chem. 23, 2004 627 trivalent chromium exposure, and may be useful in determining the effects on impacted estuaries.
MATERIALS AND METHODS

Fish collection from the field sites
Eleven adult male mummichogs were collected from the upper portion of Shipyard Creek, a tributary of the Cooper River in Charleston (SC, USA). Eleven additional fish were collected from a reference area at the North Inlet National Estuarine Reserve (NERR) near Georgetown (SC, USA). The fish were immediately euthanized with MS-222 (1 g/L) and the livers were removed, placed in individual containers with TRI-reagent (Sigma, St. Louis, MO, USA), and frozen in liquid nitrogen. Three of the carcasses were kept intact after euthanasia for contaminant body burden analysis. Water and sediment samples were also collected in Nalgene bottles (Rochester, NY, USA) that had previously been washed in 10% nitric acid. The livers were stored at Ϫ80ЊC, while the sediment, water, and carcasses were stored at Ϫ20ЊC.
Fish collection for the laboratory studies
A total of 40 adult male mummichogs were collected with baited minnow traps from the North Inlet NERR and transported back to Clemson University's aquatic facility (Pendleton, SC, USA). The fish were allowed to acclimate for 7 d in 18 ppt CoraLife Synthetic Sea salt (Carson, CA, USA), and were maintained on a 14:10 h light:dark cycle at 25ЊC and fed Tetramin (Tetra Sales, Blackburg, VA, USA) flake fish food. The water was changed every 48 h.
Exposure to trivalent chromium
Fish were randomly assigned to a group (10 per group) and were housed individually in 4-L polycarbonate holdings. The fish were exposed to 0 g/L, 333 g/L, 1000 g/L, or 1500 g/L trivalent chromium in a static renewal system with complete water changes every 48 h. These concentrations were chosen based on the reported sediment concentrations in Shipyard Creek [1] . Water samples were taken after 48 h from each tank and stored at Ϫ20ЊC for total chromium concentration analysis. After 7 d the fish were euthanized in 1 g/L of MS-222; livers were removed from eight fish in each group, individually placed in TRI-reagent, frozen, and stored at Ϫ80ЊC. The remaining two fish from each treatment group were kept intact for body burdens and stored at Ϫ20ЊC until analyzed.
Chemical residue analysis
Water samples from laboratory-exposed fish and from Shipyard Creek were acidified with nitric acid and analysis was performed by the colorimetric diphenylcarbazide method [19] to determine valency as well as concentration. Water samples were also analyzed by graphite furnace atomic absorption spectroscopy (GF-AAS) [20] to determine the concentration of total chromium. Fish carcasses were freeze-dried, microwave digested, and analyzed by inductively coupled plasma optical emission spectrometry [21] for total chromium concentrations. All results are reported in g/L for the water samples or g/ g dry wt for fish carcasses.
Differential display
The livers from the fish were individually homogenized in TRI-reagent and treated with DNaseI. Differential display was performed using GenHunter's RNA image Kit (Nashville, TN, USA) similar to the methods previously described [22] . Total RNA (0.2 g) from two fish for each group, or three fish from each field site, was reverse transcribed into cDNA using anchored oligo-dT primers, murine moloney leukemia virus-reverse transcriptase (MMLV-RT), and dinucleotide triphosphates (dNTPs). Polymerase chain reactions were performed with the same anchored oligo-dT primer, a 5Ј random primer, dNTPs, and 2 Ci[ 33 P]dATP (3000 Ci/mmol, NEN, Boston, MA). PCR reactions were performed at 95ЊC for 30 s, 40ЊC for 2 min, and 72ЊC for 30 s for a total of 40 cycles. The cDNA products were electrophoresed onto 6% urea polyacrylamide gels, dried onto chromatography paper, and exposed to autoradiography film. Differential gene expression between controls and chromium-exposed fish, or between field site fish, was examined by visual inspection. Bands that appeared to be differentially expressed were eluted from the paper and reamplified by PCR. The subsequent products were cloned into the pCR2.1 vector (Invitrogen, La Jolla, CA, USA) and sequenced, and database searches were performed to ascertain the identity of the fragments.
Confirmation of differentially expressed cDNA fragments using real-time PCR
Real-time PCR (Smart Cycler, Cepheid, Sunnyvale, CA, USA) was used to confirm differential expression of the ESTs G6A11 and A31, the translation initiation factor (eIF2b), CYP2N2, and fatty acid-binding protein (FABP). Primers were designed specifically for each cDNA as follows: CYP2N2 forward 5Ј-CGACTACACCGACCACAGG-3Ј, CYP2N2 reverse 5Ј-GCAGTAAACCAGATTGGCCTCC-3Ј, FABP forward 5Ј-CTCTGCTGCAAACATGGTCG-3Ј, FABP reverse 5Ј-CGG TCAGCAGTAACAATAATAC-3Ј, G6A11 forward 5Ј-CCT ATAACTGGTTTCATCATCG-3Ј, G6A11 reverse 5Ј-CGA ACTAACGGTGTATTTCTCG-3Ј, eIF2b forward 5Ј-GGT CBTCDGGRTGGTARAGY-3Ј, eIF2b reverse 5Ј-GCTGAC GCTGCGATATTGC-3Ј, A31 forward 5Ј-GCACCTTCCACT TCAGG-3Ј, A31 reverse 5Ј-GGAAATGCATACAGCTCA GG-3Ј, actin forward 5Ј-CCATTGGCAACGAGAGAGGTT CC-3Ј, and actin reverse 5Ј-CTCATCGTACTCCTGCTTGC TGATCC-3Ј. Total RNA (2 g) from individual fish was reverse transcribed with MMLV-RT, 10 mM dNTPs, and 50 ng random hexamers. The PCR reactions were performed using 100 ng cDNA, 10 mM dNTPs, 10 M of each primer, 1U Taq polymerase, 1X additive reagent (150 mM trehalose, 0.2% Tween-20, 0.2 mg/ml BSA, 2 mM Tris, pH 8.0), and 0.25X SYBR green dye (Sigma). All PCR reactions had a denaturing step of 95ЊC for 30 s, an extension of 72ЊC for 30 s, and were run for a total of 40 cycles. The annealing temperature for actin was 68ЊC, 62ЊC for G6A11, 62ЊC for CYP2N2, 51ЊC for FABP, 51ЊC for eIF2B, and 61ЊC for A31. The cycle threshold value (Ct) was determined using an excitation wavelength of 450 to 495 nm and emission wavelength of 505 to 537 nm. Known numbers of DNA molecules for each of the genes to be tested were used to produce a standard curve, which converted the Ct into the starting number of molecules. All samples were then normalized for the number of molecules of actin. The data are reported as the average number of molecules per 100 ng cDNA for two separate experiments (n ϭ 8 for each group).
RESULTS
Trivalent chromium concentrations in water, sediment, and carcasses
Preliminary tests in aerated water without fish showed that after 48 h, recoveries were 85 to 98% (data not shown). How- Representative differential display gel for chromium-exposed fish. Differential display was performed using two fish from each exposure group. Band LA42 is the cDNA for eukaryotic translation factor 2B and it is present in all eight of the chromium-exposed fish, but absent in both control fish.
ever, water samples taken after 48 h of exposure revealed a decrease in the amount of chromium from the nominal concentration, with recoveries ranging from 20 to 83% (Fig. 1A) . The concentration of chromium in the water was in the range of chromium concentrations in Shipyard Creek. Chromium recoveries from the water samples were not 100%, probably due to uptake in the organism and binding to feces and the container wall. There was an increase in the chromium concentrations in the fish exposed in the laboratory such that the body burden in the 1500 g/L exposure group was approximately 1 g/g dry wt, which is 2.5-fold less than the chromium concentrations in the Shipyard Creek fish (Fig. 1B) . The colorimetric diphenylcarbazide method indicated that no hexavalent chromium was detected (data not shown).
Identification of chromium-responsive genes by differential display
Gene expression patterns of field-caught and trivalent chromium-exposed fish were compared by differential display using two or three samples per group. A representative gel is presented in Figure 2 , showing an absence of the LA42 band (eukaryotic initiation factor 2B) in the two control fish, but its presence in each of the chromium-exposed fish. A total of 17 differentially expressed cDNA fragments were identified and sequenced from laboratory-exposed fish, and three fragments were sequenced from field site fish. Eight of the fragments were similar to known genes, including a carboxylesterase, dihydrolipamide transferase; a heart-type FABP; a precursor to the translation initiation factor eIF2B; and a tribultyltin-binding protein ( Table 1) .
The other 12 sequences have no known homology.
Verification of altered gene using real-time PCR
To verify that these sequences were differentially expressed, we developed primers specifically for several of the fragments, including CYP2N2, FABP, eIF2B, and the ESTs G6A11 and A31. Real-time PCR was conducted for both the laboratoryexposed fish and the field-caught fish, using eight animals per exposure group. In Shipyard Creek fish, FABP was repressed 3.6-fold (Fig. 2) while eIF2B was repressed 2.06-fold. (Table  2) The unknown fragment termed A31 was upregulated 2.6- Table 2 . Fold differences in ribonucleic acid (RNA) levels between the trivalent chromium exposure fish and field caught fish. Fold differences were determined by dividing the average number of cDNA molecules of the exposed or field site fish by the control or reference site fish. Both G6A11 and A31 are expressed sequence tags mRNA identity
Fold differences in chromium exposure groups Ϯ standard deviation fold in the Shipyard Creek fish (Fig. 2) , while CYP2N2 was induced 12.77-fold (Table 2 ). In the laboratory-exposed fish, FABP was induced in a dose-dependant manner, although only the second highest concentration was statistically significant (Fig. 3) , while CYP2N2 and eIF2B were unchanged. A31 was also upregulated in the chromium-exposed fish, although, due to the large variability in the highest exposure group (p ϭ 0.1), only the two lower groups were statistically significant (p Ͻ 0.05) (Fig. 2) . The EST termed G6A11 showed no significant differences in trivalent chromium-exposed fish or field-caught fish, and was presumably just a false positive from differential display (Table 2) . Thus, the upregulation of A31 is probably a good indicator of chromium exposure in these organisms.
DISCUSSION
In this study, we investigated altered gene expression in mummichogs (F. heteroclitus) exposed to chromium. The exposure of mummichogs to trivalent chromium resulted in the differential expression of several genes presumably either to protect the organism or as a response to stress. Alterations in gene expression in fish from Shipyard Creek, a known chromium-impacted site, were compared to fish exposed to trivalent chromium in the laboratory. One gene transcript, A31, was upregulated in both chromium-exposed fish and Shipyard Creek fish, while CYP2N2 and eIF2B were changed in fish caught at Shipyard Creek and not in laboratory-exposed animals. In contrast, FABP was upregulated in the chromium exposures, yet downregulated in Shipyard Creek fish.
Some of these differences may be associated with the different body burden levels of chromium between laboratoryexposed and field-caught fish. The chromium concentrations in the laboratory exposure water approximated the amount of chromium present in Shipyard Creek sediment samples. However, the amount of chromium retained by the laboratory-exposed animals was 1 g/g dry wt, while the body burdens found in the Shipyard Creek fish were 2.5 g/g dry wt, a 2.5-fold difference. Studies have demonstrated that trivalent chromium is not readily absorbed from the gastrointestinal tract Environ. Toxicol. Chem. 23, 2004 N.L. Maples and L.J. Bain Fig. 3 . Confirmation of fatty acid-binding protein (FABP) and A31 expression in both the laboratory-exposed fish and the field-caught fish. Real-time polymerase chain reaction was performed with genespecific primers for the expressed sequence tag termed A31 and fatty acid-binding protein, and the number of molecules per 100 ng cDNA was determined using eight fish per group, in duplicate assays. Significant differences were determined by either Mann-Whitney (for Shipyard Creek fish [Charleston, SC, USA]) or by Kruskal-Wallace followed by Mann-Whitney (p Ͻ 0.05) (for laboratory-exposed fish); North Inlet National Estuarine Reserve (NERR).
[3], which might account for some of this difference. The body burdens determined in the mummichogs from Shipyard Creek are in concordance with studies that found an average of 1.6 g/g in croaker and 8.3 g/g in blue crab collected at Shipyard Creek [23] . Furthermore, chemical residue analysis of mummichogs in Shipyard Creek show detectable body burdens of copper, mercury, lead, arsenic, and cadmium (data not shown). These other metals may have influenced the expression of genes in these organisms. The eukaryotic initiation factor eIF2B was repressed in Shipyard Creek fish, yet unchanged in chromium-exposed fish. This protein mediates the exchange of guanosine diphosphate for guanosine triphosphate on eIF2, a key regulatory step in the initiation of mRNA translation [24] . Chemicals that inhibit protein processing result in the inhibition of translation initiation, followed by the induction of a variety of different chaperonins and the eventual continuation of translation [25] . A variety of metals have been shown to inhibit protein synthesis by inhibiting eIF2, including zinc [26] , arsenite [27] , cadmium, mercury, and lead [28] in short-term cell culture assays. Although the eIF2B expression in the laboratory-exposed fish was unchanged, which may be due to the short laboratory exposure time, the reduction of expression in the Shipyard Creek fish is from a lifetime of exposure.
In Shipyard Creek fish, CYP2N2 was induced, but was unchanged in the laboratory-exposed fish. This cytochrome P450 enzyme is an active arachidonic acid epoxygenase and hydroxylase, and is possibly involved in metabolism of xenobiotic substrates [29] . Arachidonic acid can either be converted by cyclooxygenases into prostoglandins, or be converted by lipoxygenase into leukotrienes. Other toxicants, including benzo[a]pyrene, have been shown to increase the P450-mediated arachidonic acid metabolism in the liver of scup (Stenotomus chrysops) [30] . Alternatively, the induction in the Shipyard Creek fish could result from stress responses to diet, predators, or other environmental factors. Interestingly, it has been shown that an increase in arachidonic acid can decrease translation initiation in NA-104 neuronal cells [31] . Thus, perhaps the repression of eIF2B coupled with the induction of CYP2N2 in the Shipyard Creek fish represents a similar mechanism of dealing with the stress caused by chromium and other metals.
With fatty acid-binding protein, expression was increased in a dose-dependent manner in the chromium-exposed fish, while its expression was reduced in the Shipyard Creek fish. Fatty acid-binding protein are thought to function in intracellular lipid transport and metabolism [31, 32] . Heart fatty acid-binding protein can bind arachidonic acid and its metabolites, which suggests that FABP could modulate the metabolism, activities, and targeting of these compounds [33] . In Shipyard Creek fish, its repression may be a mechanism to sequester and protect the organism from more permanent damage that might occur with the mobilization of these inflammatory mediators. However, in the chromium-exposed fish, the induction of FABP without the increase in CYP2N2 metabolism might be simply a more transient stress response. Alternatively, the flaked fish food that the laboratory-exposed fish were fed may be responsible for the differences in FABP expression.
The EST termed A31 was significantly upregulated in both the laboratory-exposed fish and the Shipyard Creek fish. Although A31's function is unknown, perhaps it could be developed into a biomarker for trivalent chromium. In summary, we have used differential display to help determine the effects of exposure to trivalent chromium and to develop biomarker probes indicative of chromium exposure and effects.
